Purpose: To investigate the effect of multiple enface image averaging on image quality of the optical coherence tomography angiography (OCTA). Methods: Twenty-one normal volunteers were enrolled in this study. For each subject, one eye was imaged with 3 3 3 mm scan protocol, and another eye was imaged with the 6 3 6 mm scan protocol centred on the fovea using the ZEISS Angioplex TM spectral-domain OCTA device. Eyes were repeatedly imaged to obtain nine OCTA cube scan sets, and nine superficial capillary plexus (SCP) and deep capillary plexus (DCP) were individually averaged after registration. Results: Eighteen eyes with a 3 3 3 mm scan field and 14 eyes with a 6 3 6 mm scan field were studied. Averaged images showed more continuous vessels and less background noise in both the SCP and the DCP as the number of frames used for averaging increased, with both 3 3 3 and 6 3 6 mm scan protocols. The intensity histogram of the vessels dramatically changed after averaging. Contrast-to-noise ratio (CNR) and subjectively assessed image quality scores also increased as the number of frames used for averaging increased in all image types. However, the additional benefit in quality diminished when averaging more than five frames. Averaging only three frames achieved significant improvement in CNR and the score assigned by certified grades. Conclusion: Use of multiple image averaging in OCTA enface images was found to be both objectively and subjectively effective for enhancing image quality. These findings may of value for developing optimal OCTA imaging protocols for future studies.
Introduction
Optical coherence tomography angiography (OCTA) is an expanded function of optimal cutting temperature (OCT) which images microvasculature of the fundus by detecting the motion contrast of blood flow in the retina and choroid without intravenous injection of dye (Jia et al. 2012; Nagiel et al. 2015) . Optical coherence tomography angiography (OCTA) which not only serves as a substitute for fluorescein angiography (FA) but also has the potential to provide more valuable information than FA has been gaining interest (Spaide et al. 2015a,b) . By utilizing the high axial resolution of OCT, OCTA can selectively demonstrate different enface vascular layers in the retina. Recent investigations have demonstrated the clinical relevance of qualitative and quantitative characterization of the microvascular morphology using high-contrast OCTA imaging for individual retinal layers (de Carlo et al. 2015; Kashani et al. 2015; Al-Sheikh et al. 2016; Ishibazawa et al. 2016; Zahid et al. 2016; Koyanagi et al. 2017; Simonett et al. 2017) .
On the other hand, interpretation of OCTA images presents a different challenge from that of FA, as OCTA images are susceptible to peculiar artefacts due to image processing, display strategies and eye motion (Spaide et al. 2015a,b; Ghasemi Falavarjani et al. 2016) . Even in images with minimum artefact, background noise or small discontinuities in the microcirculation are common. This is particularly apparent in wider angle (i.e. lower resolution) OCTA images, whether the discontinuity of the vessels is further accentuated due to decrease in decorrelation signals per unit area is obvious. Because qualitative and quantitative assessment of OCTA depends on image quality and distinguishing the continuous vessel images from intervascular spaces is of clinical significance, strategies to improve their visualization are important. Multiple B-scan averaging technique is a commonly used method to decrease speckle noise and enhance SD-OCT image quality improving visualization of the fine structures in OCT B-scan (Sander et al. 2005; Jorgensen et al. 2007; Sakamoto et al. 2008; Pappuru et al. 2012) . Our group and others have shown that averaging can also be applied to enface OCTA images (Maloca et al. 2017; Mo et al. 2017; Uji et al. 2017) and can have an impact on quantitative OCTA metrics. In this study, we evaluate the impact of averaging on image quality, both subjectively and objectively, and propose a level of averaging for optimal image quality.
Materials and Methods
This study is a prospective, observational, cross-sectional case series. The research was approved by the Institutional Review Board of the University of California Los Angeles and conducted in accordance with the ethical standards stated in the Declaration of Helsinki and in compliance with the regulations set forth by the Health Insurance Portability and Accountability Act. Written informed consent was obtained from all examined healthy individuals before they participated in the study.
Participants
Twenty-one healthy individuals with no history of ophthalmologic or systemic disease were enrolled in this study. Both eyes from each subject were included.
Image acquisition
The Zeiss Cirrus 5000 with FDAcleared ZEISS ANGIOPLEX TM software (Carl Zeiss Meditec, Dublin, CA, USA) was used to obtain study images. The machine generates OCTA images using the optical microangiography (OMAG) algorithm, which utilizes a full spectrum of complex OCT signals, including both phase and amplitude. For each subject, one eye was randomly selected and imaged with the 3 9 3 mm scan protocol, and the fellow eye was imaged with the 6 9 6 mm scan protocol centred on the fovea without pupil dilation. Optimal cutting temperature (OCT) examiners were instructed to scan both eyes until nine OCTA scans of sufficient quality to meet prespecified acceptance criteria were obtained. These acceptance criteria included clear and sharp focus, few to no artefacts (e.g. motion lines), minimal saccades (identified by horizontal misalignment of vessel segments on enface images), no horizontal banding, good centration, regular or even illumination, and signal strength 7 or higher. Of note, these are the same acceptably criteria used by the OCT examiners at the Doheny -UCLA Eye Centers in clinical practice. If acceptable scans meeting these criteria (for all nine acquisitions) were not successfully acquired, the eye was excluded from the analysis.
Image processing
For each cube scan, automatic segmentation was performed by the instrument software to generate enface images of the superficial capillary plexus (SCP) and deep capillary plexus (DCP) for all scan acquisitions. Four sets of nine enface images from the SCP and DCP were exported at a size of 1024 9 1024 pixels and stacked to generate four 9-frame videos for the SCP 3 9 3 mm scan (SCP3 9 3), DCP 3 9 3 mm scan (DCP3 9 3), SCP 6 9 6 mm scan (SCP6 9 6) and DCP 6 9 6 mm scan (DCP6 9 6).
Image registration
Before multiple image averaging, a twostep image registration process was applied to the 9-frame videos to align the individual frames. In the first step, linear image registration was performed using IMAGEJ (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb. info.nih.gov/ij/index.html) and its plugin, StackReg (http://bigwww.epfl.ch/ thevenaz/stackreg/) (Thevenaz et al. 1998 ). In the second step, to correct for the remaining misalignment and distortion due to eye motion between image acquisitions, elastic image registration was performed using the IMAGEJ plug-in, BUNWARPJ (http://imagej.net/ BUnwarpJ) (Fig. 1) (Sorzano et al. 2005; Arganda-Carreras et al. 2006; Uji et al. 2013) . For the purpose of increasing the robustness of the registration, corresponding points of interest in frames were provided during the registration process using the Feature Extraction (http://imagej.net/Feature_ Extraction) plug-in and an algorithm for Multi-Scale Oriented Patches (MOPS) (Brown et al. 2005) . For both the linear and elastic registration steps, the best quality frame was selected as the reference frame from the nine frames, and the other eight frames were transformed to match the reference frame. Registration information used in the SCP registration was applied to the DCP.
Multiple enface image averaging
Multiple image averaging was performed by projecting the average intensity of sequential frames along the axis perpendicular to frames. Each pixel in the final resultant projection image reflects an average intensity over all frames in the video at that corresponding pixel location (Fig. 1) . Averaged images were generated with a variable number of frames (3, 5, 7, 9) used for averaging to compare the effect of different levels of averaging. For comparison of a single unaveraged image against the averaged images, the reference frame used as the base for registration was selected. For quantitative analysis, a central rectangular area measuring 700 9 700 pixels was cropped from the 3 9 3 mm images, and a central rectangular area of 950 9 900 pixels was cropped from the 6 9 6 mm. Cropping images in this fashion eliminated any pixels in the image periphery which did not overlap across all nine frames as a result of correcting for misalignment between frames during the registration process. All of these digital image processing steps were automatically executed using a macro that automates a series of IMAGEJ commands without need for manual intervention. Thus, the processing of images described in this report is easy to replicate reproducibly. All images were processed as 8-bit data, and the greyscale ranged from 0 (black) to 255 (white).
Assessment of the image enhancement effect
The effect of image enhancement using multiple enface image averaging was assessed by objectively and subjectively comparing the image quality among five different averaged images. 
Differences in vessel intensity metrics among averaged images
Comparison of vessel intensity metrics among averaged images and the single unaveraged image was performed on the 3 9 3 mm enface OCTA images. A one-pixel-wide line superimposed on the centre of the vessels was automatically generated and selected for the SCP and DCP in each case, and the intensity metrics on the selected line was measured on the four averaged (39, 59, 79, 99) images and the single unaveraged image (Fig. 2) . The selected line was created through binarization and skeletonization of the averaged (99) OCTA image using a previously reported method ( Fig. S1 ) (Kim et al. 2016) . Briefly, after processing with a top-hat filter, the image was binarized using two different methods: global thresholding with a Hessian filter and median local thresholding. Then, two different binarized images were combined to generate the final binarized image followed by skeletonization. This skeletonized image was utilized as the line selection on the averaged images, and the mean, standard deviation, minimum and maximum grey/intensity values on the selected line were computed for the four averaged (39, 59, 79, 99) images and the single unaveraged image. Image processing and measurements were again performed automatically using an IMAGEJ macro.
Contrast-to-noise ratio comparison
For objective image quality comparison, as contrast-to-noise ratio (CNR) was calculated as previously described (Stetson et al. 1997; Sakamoto et al. 2008; Uji et al. 2013) . For this calculation, a circular area within the foveal avascular zone (FAZ) was selected as background ROI, and the skeletonized vessels in the image were selected as the foreground ROI (Fig. S2) . For SCP images, parafoveal vessels bordering the FAZ were selected with a vascular segment ROI of at least 200 pixels in length to have a reasonable sample. For the DCP, because the vessels were more faint and less contiguous than in the SCP, multiple vessels near the FAZ were selected to create foreground ROIs longer than 200 pixels in total length. For both the SCP and the DCP, circular ROIs of the background within the FAZ, measuring >3000 pixels 2 in 6 9 6 mm scans and larger than 10 000 pixels 2 in 3 9 3 mm scans, were created. The same background ROI was used for the SCP and DCP. To match the position of the ROIs among the four averaged (39, 59, 79, 99) images and the single unaveraged image, ROI Manager, a built-in function of IMAGEJ that records the exact location of the ROIs, was used. The ROIs were first established on the 99 averaged image and then transferred to the remaining four images (single, and 39, 59, 79 averaged images).
Contrast-to-noise ratio (CNR) was calculated as follows:
where f and b are the mean grey values of the foreground and the background, respectively, and d f and d b are the standard deviation from the foreground and background mean values, respectively (Uji et al. 2013 ).
Expert comparison
Image quality assessment, including of OCTA images, is a standard part of the workflow in most image reading centres. Generally for subjective quality assessments, a relative or comparative evaluation is easier and more reliable than an absolute evaluation or scoring of image quality. For this reason, we used a paired comparison approach to assess OCTA image quality (Scheffe 1952) . Five certified readers at the Doheny Image Reading Center performed independent expert comparisons of 40 pairs of OCTA images displayed horizontally in random order on a computer monitor. The graders were asked to compare the quality between image pairs based on three parameters: (1) vessel quality (contrast and continuity), in (2) nonvascular area quality (noise level) and (3) overall image quality (overall clarity). A comparative image quality score was assigned to each image pair as follows: Fig. 3 . Comparison of the quality of optical coherence tomography angiography images at superficial and deep levels with varying amounts of frame averaging. Compared to single images without averaging which contain jagged and discontinuous vessels, averaged optical coherence tomography angiography images of the superficial capillary plexus and deep capillary plexus (DCP) showed more smooth and continuous vessels with less background noise as the number of frames used for averaging was increased. The benefit of averaging is especially striking for the DCP. 2 = the right image is definitely better; 1 = the right image is slightly better; 0 = the two images are equal; À1 = the left image is slightly better; and À2 = the left image is definitely better.
Statistical analysis
All values were expressed as the mean AE standard deviation. Comparisons of grey value of the vessels and CNR of the five images with different levels of averaging (single image and four averaged images) were carried out using repeated-measures analysis of variance, and differences between the two groups were analysed using the paired t-test followed by Bonferroni correction. The scores generated by the graders were analysed using Nakaya's variant of Scheffe's method of paired comparison. A p value <0.05 was considered statistically significant. All analyses, except for Nakaya's, were performed using STATVIEW (Version 5.0; SAS Institute, Cary, NC). Nakaya' variant of Scheffe's method of paired comparison was performed using R, version 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria).
Results
In eyes scanned using the 3 9 3 mm scan protocol, two eyes with off-centre scans and one eye with nonuniform illumination scans did not meet the prespecified quality criteria. In eyes scanned using the 6 9 6 mm scan protocol, three eyes with off-centre scans and four eyes with nonuniform illumination scans, and one eye with signal strength less than 7 did not meet the prespecified quality criteria. After excluding these eyes, 18 eyes scanned using the 3 9 3 mm scan protocol and 14 eyes scanned using the 6 9 6 mm scan protocol from 20 subjects were included in the final analysis. The subjects had an average age of 35.4 AE 6.2 years (range: 24-49 years). Eight participants were male and 12 were female. Figure 3 shows the SCP3 9 3 and DCP3 9 3 with five different levels of averaging (single or 19, 39, 59, 79 and 99) . Compared to single images without averaging which had ragged and discontinuous vessels, averaged images showed more continuous vessels and less background noise as the number of frames (C) showing rectangular area including the fovea and temporal macula. Compared to 3 9 3 mm OCTA images, vessels were more discontinuous and difficult to resolve from background noise. (F, H) Magnified images of (B) and (D) showing rectangular area including the fovea and temporal macula. After averaging, background noise was reduced, and fragmented vessel segments were annealed together, resulting in continuous, smooth and high-contrast vessel images. Images clearly disclosed the physiologic capillary-free areas.
used for averaging increased. Similar results were observed for SCP6 9 6 and DCP6 9 6 images (Fig. 4) . Figure 5 shows the relationship between the grey value of the vessels and the number of frames used for averaging. Significant differences were detected between five different averaged images in mean grey value (p < 0.0001 for both SCP and DCP), standard deviation of the grey value (p < 0.0001 for both SCP and DCP), minimum grey value (p < 0.0001 for both SCP and DCP) and maximum grey value (p < 0.0001 for both SCP and DCP). Mean grey value and standard deviation decreased as the number of frames used for averaging increased. Minimum grey value increased as the number of frames used for averaging increased, while maximum grey value decreased. Intensity histogram of the vessels demonstrated a dramatic change in the distribution of pixel values after averaging (Fig. 2) . The histograms became steeper with narrower bases.
CNR increased as the number of frames used for averaging increased with significant differences among the five different averaged images in all SCP3 9 3, DCP3 9 3, SCP6 9 6 and DCP6 9 6 (p < 0.0001 for all) (Fig. 6) . Mean CNR for single images versus 99 averaged images was 1.59 AE 0.30 versus 3.04 AE 0.85 for SCP3 9 3, 2.48 AE 0.68 versus 3.97 AE 1.18 for DCP3 9 3, 1.55 AE 0.22 versus 2.94 AE 0.60 for SCP6 9 6 and 1.92 AE 0.35 versus 3.63 AE 0.99 for DCP6 9 6. Paired comparison between the two different levels of averaging revealed significant differences, except when comparing 79 and 99 averaged imaged for DCP3 9 3, SCP6 9 6 and DCP6 9 6 and when comparing 59 and 99 averaged images for DCP3 9 3. The largest jump in CNR was observed at the first step when going from a single image to a 39 averaged image. Table 1 summarizes average scores for the subjective image quality assessment. For all scan/layer types, significant differences (p < 0.05) in scores were found among single, 39 and 59 averaged images with scores rising with increasing amounts of averaging. However, significant differences were not found among 59, 79 and 99 averaged images, except for differences between 59 and 99 for SCP3 9 3 and between 59, 79 and 99 in DCP3 9 3.
Discussion
In this study, we applied a multiple image averaging technique to OCTA enface images. After averaging, the background noise decreased and annealing of discontinuous vessel segments were observed. Results from subjective and objective assessments demonstrated significant improvement in image quality after averaging. As was the case with multiple OCT B-scan averaging, (Sakamoto et al. 2008; Pappuru et al. 2012 ) averaging enface OCTA images improves quality and may be a preferred technique for future studies involving OCTA data.
The effect of multiple OCTA enface image averaging on quality could also be studied objectively with an apparent dramatic intensity histogram change in the vessel intensity pixels. The SD of grey value which represents the level of dispersion of pixel values significantly decreased after averaging, reflecting the decrease in segmental loss of decorrelation signals in the vessels and annealing of the vessel segments. Increase in minimum value and decrease in maximum value are also a reflection of the reductions in gaps or discontinuities in the vessels. Of note, the SD showed a greater decrease (À21.5% in SCP and À33.0% in DCP) than the mean grey value (À5.2% in SCP and À4.4% in DCP), highlighting the effectiveness of the averaging and a precise and successful image registration.
Contrast-to-noise ratio (CNR) was also used for image quality assessment, because distinguishing vessels from nonvascular areas is an important consideration in OCTA imaging, particularly for quantitative assessments based on binarization, such as perfusion density. After averaging, CNR was significantly increased for all scan and layer types, suggesting a higher contrast of the averaged images. Although CNR increased as the number of frames used for averaging increased, averaging just three frames resulted in the most dramatic and significant improvement. On the other hand, after five frames, the differences were smaller, and a significant difference could not be found between 79 and 99 averaging except for SCP3 9 3. These results imply that the effect tends to be saturated as the number of frame for averaging increases.
Contrast-to-noise ratio (CNR) measured after averaging OCTA images demonstrated a much larger value than the value of 1.92 previously reported as the CNR of the microvasculature with adaptive optics imaging (Uji et al. 2013 ).
Image quality improvement in averaged images was also demonstrated by subjective assessment by certified, masked graders. Similar to the results from the CNR evaluation, the greatest increase in quality score was observed at the first level of averaging (three frames). Unlike for CNR, however, significant differences were generally not apparent when comparing 59 with 79 and 79 with 99 (except for a few SCP3 9 3 and DCP3 9 3 comparisons). Thus, based on these results from CNR and subjective scoring, it would appear that 39 frame averaging is sufficient to yield a dramatic improvement in OCTA image quality, and averaging beyond seven frames does not appear to yield further quality gains. These are important considerations for the clinical practicality of this approach and for the development of future OCTA imaging protocols, as the time required to obtain an average nine OCTA frames is likely not feasible for most applications.
In the present study, two different scanning protocols or scan sizes were also evaluated. Generally, with most commercial OCTA systems, the use of a larger scan pattern is associated with a reduction in image quality due to lower resolution (pixel/mm) and a decrease in decorrelation signal per unit area. As shown in Figures 3 and  4 , vessels were more discontinuous, and background noise was more obvious in the 6 9 6 mm OCTA images than in the 3 9 3 mm OCTA images before averaging. In fact, small capillaries were extremely difficult to distinguish in the DCP6 9 6. However, after averaging clear continuous vessels could be discerned even in the DCP6 9 6 images. In particular, the image quality of these averaged 6 9 6 images appeared to be equivalent to or better than the unaveraged 3 9 3 images. Given that wide field imaging is advantageous over small area imaging in that a more comprehensive assessment of the posterior pole can be made with fewer scans, wide-filed OCTA imaging combined with averaging may prove to be a clinically viable and useful approach.
In ophthalmic imaging based on raster pattern scanning such as for scanning laser ophthalmoscopy or volumetric OCT, eye fixation has a great influence on image quality (Sheehy et al. 2012; Uji et al. 2013; Spaide et al. 2015a,b) . Even in eyes with good fixation, involuntary eye movement during acquisition will significantly affect images. Optical coherence tomography angiography (OCTA) is especially susceptible as the acquisition of multiple OCT B-scans in the same location usually takes a much longer time to sample a retinal region of interest than simple structural OCT scans. Thus, nonlinear distortions in images due to intraframe eye motion during raster scanning are a significant artefact of OCTA imaging. Because averaging without correction of this distortion results in blurry images due to imperfect vessel overlap, we propose the use of elastic registration when registering multiple OCTA enface images. A high-level of registration accuracy is what presumably allows the image quality to be substantially improved even when only averaging three frames. As our registration technique is based on the SCP and SCP is generally well resolved by OCTA even in the setting of substantial retinal disease, we would expect our approach to work for disease eyes as well. However, follow-up studies are still required to confirm the effectiveness of elastic registration and averaging in diseased eyes, as severe alterations in the vasculature due to disease could create different landmarks for registration compared to normal eyes.
Our study has several limitations which should be considered when assessing our findings. First, the sample size is small, which might make small differences between groups less detectable. Second, we did not evaluate the intensity changes in the retinal vessels after averaging in images acquired by the 6 9 6 mm scan protocol, because of difficulty in performing adequate binarization in these wider field images. . Relationships between contrast-to-noise ratio (CNR) and number of frames used for multiple enface image averaging in optical coherence tomography angiography imaging. Contrastto-noise ratio (CNR) increased as the number of frames used for averaging was increased. Pairwise comparisons between the five levels of averaging (19, 39, 59, 79, 99 ) revealed significant differences (designated by an asterisk) in contrast-to-noise ratio between all pairs except: between 79 and 99 averaging in the 3 9 3mm deep capillary plexus (DCP) image (B), 6 9 6 mm superficial capillary plexus (SCP) (C), and the 6 9 6 mm DCP image (D); and between 59 and 99 for 3 9 3 mm DCP image (B). p < 0.05, paired t-test followed by Bonferroni correction.
However, as we were primarily interested in determining whether averaging could result in annealing of discontinuous vessel segments, we felt that evaluation of 3 9 3 images for this purpose was sufficient. Finally, although the technique would be expected to work in the setting of disease, evaluation of its performance in a diseased cohort will still be necessary.
In summary, averaging multiple enface images could be shown to improve the image quality of OCTA images both objectively and subjectively. A significant benefit could be observed with only threefold averaging, suggesting that this approach could be viable in a clinical setting. Importantly, this technique can be easily implemented with publically available 3rd party software without the need for additional hardware development and has the potential to facilitate the study of the retinal microvasculature in OCTA images.
